The present study shows that melatonin prevents, within the first cell cycle, the estradiolinduced growth of synchronized MCF7 breast cancer cells. By using nuclear extracts of these cells, we first examined the binding of estradiol-estrogen receptor complexes to estrogen-responsive elements and found that the addition of estradiol to whole cells activates the binding of the estrogen receptor to DNA whereas melatonin blocks this interaction. By contrast, melatonin neither affects the binding of estradiol to its receptor nor the receptor nuclear localization. Moreover, we also show that addition of estradiol to nuclear extracts stimulates the binding of estrogen receptor to DNA, but this activation is also prevented by melatonin. The inhibitory effect caused by melatonin is saturable at nanomolar concentrations and does not appear to be mediated by RZR nuclear receptors. The effect is also specific, since indol derivatives do not cause significant inhibition. Furthermore, we provide evidence that melatonin does not interact with the estrogen receptor in the absence of estradiol. Together, these results demonstrate that melatonin interferes with the activation of estrogen receptor by estradiol. The effect of melatonin suggests the presence of a receptor that, upon melatonin addition, destabilizes the binding of the estradiol-estrogen receptor complex to the estrogen responsive element.-Rato, A. G., Pedrero, J. G., Martínez, M. A., del Rio, B., Lazo, P. S., Ramos, S. Melatonin blocks the activation of estrogen receptor for DNA binding. FASEB J. 13, 857-868 (1999)
Melatonin is a hormone of indolic nature that is found throughout the evolutive scale from dinoflagellates to humans. In mammals it is produced mainly by the pineal gland, whose function is transducing the changes of environmental lighting into a nighttime pulse of melatonin. The melatonin signal is an important endogenous synchronizer of the diverse circadian rhythms in the organisms, notably those related to the control of seasonal reproductive phenomena (1) . Many effects of this hormone (including its antitumoral action) have been described in a great variety of cells and tissues. It is known that pinealectomy stimulates tumor growth in experimentally induced breast cancer and that conditions favoring pineal function lead to lower incidence and higher regression of mammary tumors in rats (2) . Melatonin has several biological effects that might explain this protective activity: 1) it is an efficient free radical scavenger in vitro and in vivo (3) , 2) it has immunoenhancing properties both in vivo and in vitro (4 -5) , and 3) it controls the development and induces the involution in tissues whose growth depends on sexual hormones in seasonal breeding animals (1).
It has been described that melatonin affects the development of mammary epithelium in mouse, lowering the number of epithelial structures that represent the site of mammary epithelial growth (6) . The growth inhibitory effects could be mediated by a possible influence of the pineal hormone on the hypothalamic-pituitary-gonadal axis. However, melatonin should have a direct effect, since it affects mouse mammary development in whole mammary tissue culture (7) . In addition, it has been shown that melatonin inhibits the growth of MCF7, a cell line derived from a human mammary adenocarcinoma, after 5 to 7 days of growth (8) . It is well established that MCF7 cells have high levels of estrogen receptors (ER) 2 and that estradiol stimulates their growth. It has been proposed that melatonin acts as an antiestrogen in MCF7 cells, since it inhibits the expression of estrogen-regulated genes (9) , potentiates the sensitivity of MCF7 to tamoxifen (TMX) (10) , and modulates the transcription of ER in this cell line (11) .
Melatonin (10) , vitamin D 3 , and retinoic acid (12) share most of these antiestrogenic effects and neither interferes with the binding of estradiol to ER as do the known classic antiestrogens (such as TMX, ICI 164384, and its derivatives (13) . The elucidation of the molecular mechanism that mediates the effects of the noncompetitive antiestrogen agents is very important, since long-term treatment with antiestrogens, such as TMX, is the endocrine therapy of choice for patients whose breast tumors are estrogen dependent (14) . A therapy with a combination of TMX and melatonin has been used as a second line therapy in TMX-resistant human mammary tumors, with some promising result (15) . The aim of this study was to find conditions in which early effects of melatonin could be detected and to characterize the antiestrogenic effects of melatonin at the molecular level.
MATERIALS AND METHODS

Materials
Melatonin (N-acetyl-5-methoxytryptamine) and other indol derivatives, 17 ␤-estradiol, and TMX were purchased from Sigma (St. Louis, Mo.); [2,4,6,7- 3 H]-estradiol (Spec. Act. 96 Ci/mmol) was from Amersham (Amersham, U.K.). Hormones were always dissolved in ethanol.
Plasmids
The ATC2 containing (ERE) 2 -TATA-CAT reporter plasmid was provided by Dr. Shapiro (16) , pERE-TK-Luc was provided by Dr. Giguere (17) , and pSG5 RZR␣ was provided by Dr. Becker-André (18) .
Cell culture
MCF7 cells were propagated in RPMI 1640 medium (BioWhittaker, Walkersville, Md.) containing 100 g/ml gentamicin, 25 mM HEPES/NaOH, pH 7.3, and 10% heat-inactivated fetal bovine serum (FCS) (Boehringer Mannheim, Mannheim, Germany) in a humidified atmosphere of 5% CO 2 at 37°C. Unless otherwise indicated, all experiments were performed in MCF7 cells synchronized by FCS and estrogen depletion. To synchronize the cultures, cells were harvested from stock dishes and cultured in RPMI supplemented with 10% FCS until ϳ50% confluence. Cells were then washed with phosphate-buffered saline (PBS) and cultured for 3 days in RPMI 1640 phenol red-free medium and 0.5% charcoal/ dextran-treated FCS (sFCS). Under these conditions, 93 to 97% of the cells were arrested at the G 0 /G 1 phase. Cells were activated to grow by addition of serum and/or estradiol at the indicated concentrations in the presence or in the absence of melatonin. Control cultures were run in which ethanol was added to obtain the same concentration (0.01%) as that obtained by adding estradiol and/or melatonin.
Cell proliferation assays
MCF7 cells were seeded in 24-multiwell plates containing coverslips (1 ϫ 1 cm) at a density of 30,000 cells per dish. Synchronized cells were stimulated to grow as indicated above. After the appropriate time (12-28 h), cells were incubated for another 2 h in medium containing 100 M BrdU (19) , rinsed with PBS, fixed with methanol at 4°C, rehydrated with PBS, and incubated with 1.5 M HCl for 30 min to denature DNA. Then they were washed at least three times with PBS to remove and neutralize residual HCl. Coverslips were incubated with a mouse anti-BrdU monoclonal antibody (Becton-Dickinson, Rutherford, N.J.) for 1 h at room temperature, rinsed with PBS, and incubated with rabbit antimouse immunoglobulin G conjugated with FITC (Boehringer Mannheim) for 30 min. Propidium iodide (5 g/ml) was added and incubated for 10 min at room temperature. Coverslips were mounted on slides with a drop of Fluoromount G (Southern Biotechnic, VWR) and protected from light. The whole population of BrdU-labeled cells was visualized in a Confocal Laser Microscope (Bio-Rad MRC 600) connected to an Image Analysis System. The percentage of cells that incorporated BrdU was determined by screening at least 500 cells in four different areas of each preparation.
Transient transfection assays
MCF7 cells seeded in 60 mm plates were synchronized as described above and transfected with 0.5 g of the reporter plasmid (Quiagen purified) using lipofectamine (Life Technologies, Inc., Paisley, U.K.) as transfection agent. Liposomes were formed by incubating 0.5 g of DNA plasmid with 4 g of lipofectamine for 30 min at room temperature in a total volume of 100 l of serum-free growth medium. After dilution with 0.8 ml of phenol red-free RPMI, the liposomes were added to the cells, which were incubated 16 h at 37°C. After this incubation, the medium was replaced with phenol redfree RPMI supplemented with 10% sFCS and the appropriate effectors. After another 24 h, the cells were harvested and CAT assays were performed with whole cell extract after normalization for protein concentration (20) . The reaction products were analyzed with an ascending TLC, followed by quantification with an Instantimager (Packard). All experiments were repeated at least three times.
When indicated, cells synchronized at G o /G 1 phase in six-well plates were also transfected using the Lipofectamine Plus Reagent from Life Technology with 1 g of pERE-TK-LUC, 50 ng of pRLTK, and 0.1 g of pSG5-RZR␣ or 0.1 g of pSG5 as a control. Cells were incubated with 1 ml of RPMI medium without red-phenol and FCS containing the plasmidic DNA plus 6 l of the Plus Reagent and 4 l of lipofectamine for 3 h. After that, 1 ml of RPMI medium without red-phenol and with 20% of sFCS was added to the cells and incubation continued for 24 h. Afterward, cells were stimulated during 24 h with 10 nM estradiol and 1 nM melatonin, as indicated. Cell extracts and luciferase determination were performed with the Dual Luciferase System from Promega (Madison, Wis.), as recommended.
Preparation of nuclear and cytosolic extracts
Cells were washed in PBS, pelleted, and resuspended in buffer A containing 10 mM HEPES-KOH pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 5 mM dithiothreitol (DTT), 5 mM phenyl methyl sulfonyl fluoride (PMSF), and protease inhibitors (50 g/ml antipain, 2 g/ml aprotinin, 1 g/ml leupeptin, 1 g/ml pepstatin A). After 10 min on ice, cells were vortexed and centrifuged for 10 s. The supernatant of this centrifuga-tion was supplemented with EDTA up to 10 mM, KCl up to 120 mM, and glycerol to 20% and designated cytosolic extracts. Pellets were resuspended in an equal volume of buffer C [20 mM HEPES-KOH pH 7.9, 1.5 mM MgCl 2, 0.2 mM EDTA, 25% (v/v) glycerol, 0.8 M KCl, and protease inhibitors]. Samples were spun down for 5 min at 10,000 g at 4°C; the supernatant, designated nuclear extracts, were used fresh or stored at Ϫ70°C after normalization for protein at 2.5 mg/ml.
Electrophoretic mobility shift assay (EMSA)
Binding of the E 2 -ER to estrogen response element (ERE) was performed essentially as described (20) . Nuclear or cytosolic extracts (2 l), containing 5 g of protein, were mixed with 10 l of buffer B [20 mM HEPES-KOH, pH 7.9; 10 mM MgCl 2 , 1 mM EDTA, 10% (v/v) glycerol, 100 mM KCl, 0.2 mM PMSF, 0.2 mM DTT, 0.5% Nonidet P-40 and protease inhibitors] and incubated with 1 g of poly (dI:dC) in a total volume of 20 l. Mixtures were preincubated at 0°C for 15 min, followed by incubation with the indicated hormones at 0°C for 10 min. Ethanolic hormone solutions were diluted at the required hormone concentrations in 1% bovine serum albumin containing 10% ethanol, keeping the ethanol concentration at 1% during the assay. Controls were run with the same ethanol concentration (1%) as that obtained by adding estradiol and/or melatonin. The binding reaction was then initiated by adding a [
32 P] 5Ј end-labeled synthetic ERE double-stranded oligonucleotide (10 fmol containing 3-5 ϫ 10 4 dpm) 5Ј TCGAAAAGTCAGGTCACAGTGACCTGAT-CAATCGA 3Ј, which corresponds to sequence Ϫ338 to Ϫ312 of the promoter upstream element of the Xenopus vitellogenin A2 gene (20) . The mix was incubated at 0°C for 1 h, followed by incubation at 20°C for 30 min (20) . The samples were analyzed in a pre-electrophoresed (10 mA for) 5% polyacrylamide gel (acrylamide to bisacrylamide ratio of 40:1) in TBE (45 mM Tris borate and EDTA 1 mM) at 11 mV/cm. After 2-3 h, suitable separation was achieved and the gel was vacuumdried; an autoradiography was obtained and quantified with an Instantimager (Packard, Downers Grove, Ill.). For specificity assays, different concentrations of unlabeled competitor oligonucleotides were mixed with the labeled probe before adding them to the binding reaction. When indicated, anti-RE monoclonal antibodies NCL-ER-LH1 (Novocastra Lab., Newcastle upon Tyne, U.K.) were added before hormone addition. To determine the stability of the E 2 -ER-ERE complex, 200-fold molar of unlabeled ERE was added after the 20 min incubation at 20°C and incubation continued for 0, 5, 15, 30, and 45 min at 20°C.
Western blot analysis
Rabbit polyclonal antibodies against the carboxy-terminal region of ER were obtained and used to detect the 66 kDa ER in cytosolic and nuclear extracts (100 g of protein per assay) after sodium dodecyl sulfate-polyacrylamide gel electrophoresis and detection with the ECL System (Amersham). RZR was detected with rabbit polyclonal antibodies raised against the carboxyl-terminal region of RZR␣.
Ligand binding assays
Estradiol binding to whole MCF7 cells was performed as described previously (22), using [2,4,6,7- 3 H]-estradiol. MCF7 cells growing in 24-multiwell plates were synchronized as above and stimulated for 40 min with 10% sFCS without or with 1 nM melatonin. Cells were washed three times with PBS and 1 ml of culture media was added to each well. The binding reaction started with the addition of [ 3 H] estradiol (96 Ci/mol) to obtain concentrations ranging from 0.030 nM to 2 nM with or without a 200-fold excess of diethylstilbestrol to control for unspecific binding. The incubation continued for 30 min, followed by washing with PBS, and the [ 3 H] estradiol bound to the monolayer was extracted overnight with ethanol at 4°C. The radioactivity was determined in the alcoholic extracts. The number of cells was evaluated with sulforhodamine B, a fluorometric protein assay described previously (23) . Fluorescence was determined in a Cytofluor 2300 system (Millipore Corp., Bedford, Mass.). The number of cells was used to normalize the binding values. Affinity and number of binding sites were calculated by Scatchard analysis.
RESULTS
Effect of melatonin on estradiol-dependent cell proliferation
It has been described that the rate of growth of nonsynchronized MCF7 cells is reduced by melatonin and that this effect is evident after 5 to 7 days in culture (8) . Since the effect of growth factors should become evident at shorter time, we searched for early effects of melatonin. MCF7 cultures were synchronized by serum and estrogen deprivation and then stimulated with sFCS or untreated FCS in the presence and absence of estradiol. The number of cells that reached S phase was evaluated from the incorporation of bromodeoxyuridine, followed by its immunodetection. Six percent sFCS did not induce cell proliferation by itself, but the number of cells that entered S phase reached a value of 30% when this medium was supplemented with 1 nM estradiol. The stimulatory effect of 1 nM estradiol was also detectable in cells growing with 10% FCS. About 30% of the cells entered S phase 20 to 32 h after stimulation with 10% FCS. This value increased up to 55% when the medium was supplemented with 1 nM estradiol (Fig. 1A) . Melatonin (1 nM) did not have any effect in cultures stimulated in the absence of estradiol, but reduced significantly the number of cells that entered S phase in estradiol stimulated cells (Fig. 1B) . Figure 2 shows the results of an experiment that assayed the effect of different melatonin concentrations on the proliferation of MCF7 cells activated by 10% FCS alone or in the presence of 1 nM estradiol. Melatonin showed maximal antiproliferative activity at 1 nM. This is the peak concentration of the pineal hormone during the night. The antiproliferative effect of melatonin was evident only in the culture treated with estradiol ( Fig. 2A) . Melatonin (1 nM) inhibited 90% of the estradiolinduced cell proliferation (Fig. 2B ).
Effect of melatonin on the binding of E 2 -ER complex to ERE
To determine the mechanism by which melatonin could affect the estrogen signaling pathway, estro-gen-dependent binding of ER to the ERE of the Xenopus vitellogenin A2 gene was evaluated in nuclear extracts of MCF7 cells using a gel retardation assay (20) . Cells were synchronized by serum and estrogen deprivation, stimulated for 40 min in 0.5% sFCS plus 10 nM estradiol, or treated only with the vehicle in the presence of the indicated melatonin concentration (Fig. 3) . Nuclear extracts were obtained and assayed for ERE binding. Cells nonstimulated with estradiol (control) showed low ERE binding activity. The binding activity increased threefold in 10 nM estradiol-treated cells; however, this stimulation was partially blocked in cells treated with estradiol and melatonin. Melatonin showed maximal inhibition of binding when added to the cells at 1 nM. Higher concentrations did not induce greater inhibition of binding (Fig. 3) .
The specificity of the retarded band was confirmed by the following criteria: 1) the binding was increased when 10 nM estradiol was added to the nuclear extracts, 2) anti-ER monoclonal antibodies induced a supershift of the ER/ERE complex (Fig.  4A) , and 3) the binding was competed by a 50 molar excess of unlabeled ERE but not by an unrelated DNA sequence (Fig. 4B) . 
Melatonin affects neither estradiol binding to ER nor ER translocation to the nucleus
The melatonin-induced inhibition of binding of E 2 -ER complex to DNA described above could be due to the inhibition of estradiol binding to ER or to a decrease in the steady-state levels of ER. To test these possibilities, [ 3 H] estradiol binding was assayed in synchronized MCF7 cells stimulated with 10% sFCS and 1 nM melatonin. Melatonin did not affect the binding of estradiol to cells (data not shown), which showed a K d ϭ 0.2 nM and a total number of binding sites of 200,000/cell. The lack of effect of melatonin on estradiol binding to ER has already been shown in nonstarved MCF7 cells (11) . The kinetic parameters of estradiol binding to MCF7 cells are similar to those obtained by other authors (24 -25) . It is generally believed that the ER normally resides within the nucleus. Upon cell homogenization, however, unoccupied receptor leaks out into the cytosolic preparation, whereas ligand-activated receptors are retained in the nuclear fraction (26) Nuclear extracts were prepared and pretreated with 10 nM estradiol (E 2 ) or an equal volume of solvent (C), as described in Materials and Methods. When indicated (Anti-ER), the extract was preincubated for 10 min at 0°C with the anti-ER monoclonal antibody NCL-ER-P31. Extracts were assayed for ERE binding activity by EMSA. B) Nuclear extracts from MCF7 cells treated with estradiol were incubated with 10 fmol of [ 32 P] ERE and increasing amounts of unlabeled probe (ERE) to obtain the indicated molar ratio (M r ). 100-fold excess of a nonrelated oligonucleotide of similar size containing the serum-responsive element (SRE) was also used. compared with that of cells treated with estradiol. The ERE binding activity did not increase in cytosolic extracts of MCF7 cells treated with estradiol and melatonin (Fig. 5A ) even though the corresponding nuclear extract showed lower binding than those of cells stimulated with estradiol alone. This indicates that melatonin does not affect ER localization. This was further confirmed when the 66 kDa ER was analyzed in cytosolic and nuclear extracts by Western blot. Thus, ER was detected in cytosolic extracts from control cells, whereas it was barely detected in the cytosolic extracts from cells treated with estradiol with or without melatonin (Fig. 5B ). The amount of nuclear ER did not change significantly with any treatment despite the fact that estradiol can increase its binding to ERE up to threefold. These results agree with previous evidences indicating that both unoccupied and occupied ER can be localized in the cell nucleus (21, 26) and strongly favor the concept that treatment of cells with estradiol induces dimerization and possibly modifications of ER, which increase its ability to bind to DNA (13) . It is likely that these processes are those affected when cells are treated with melatonin.
In nuclear extracts melatonin inhibits the binding of E 2 -ER complex to ERE by decreasing its affinity
We next investigated whether the effects observed on melatonin treatment of cells on E 2 -ER binding to ERE can also be obtained in cell-free extracts. Nuclear extracts of synchronized estradiol-stimulated cells were assayed for their capacity to bind to ERE in the presence of increasing concentrations of melatonin. The results presented in Fig. 6 show that melatonin inhibits the binding of the E 2 -ER complex to ERE. The effect was dose dependent and saturable. The inhibition was also specific, since different methoxy-and hydroxy-indols were not effective in inhibiting the binding of E 2 -ER to the DNA ( Table 1) . To test whether melatonin decreases the affinity of the E 2 -ER for the ERE, the rate of dissociation of the E 2 -ER-ERE complex was determined by adding a 200-fold molar excess of unla- Figure 6 . In vitro effect of melatonin on estradiol-dependent binding of ER to ERE. A) MCF7 synchronized cells were stimulated for 40 min with 0.5% sFCS plus 10 nM estradiol and nuclear extracts were prepared. The ERE binding activity was determined in the presence of 10 nM estradiol and the indicated melatonin concentrations by EMSA. B) Quantification of binding was carried out as in Fig. 3 . The results represent the mean Ϯ sd of 10 independent experiments. Binding activity of nuclear extracts assayed in the absence of estradiol was taken as 100 and is shown in black. *P Ͻ 0.05 vs. control extracts not treated with melatonin.
Figure 5. Melatonin does not affect ER localization. A)
Nuclear and cytosolic extracts were obtained from synchronized MCF7 cells stimulated for 40 min with sFCS with or without 10 nM estradiol in the presence or the absence of 1 nM melatonin as indicated. Extracts (5 g protein) were assayed for ERE binding activity as in Fig. 3 . B) Nuclear extracts (100 g protein) and their corresponding cytosolic extracts were analyzed for ER by Western blot using a polyclonal anti-ER as described in Materials and Methods.
beled ERE after the complex was formed. Fig. 7 shows the results obtained after incubation of the complexes formed at 20°C for 0, 5, 15, 30, and 45 min. It is shown that the rate of dissociation of the E 2 -ER-ERE complex formed in the presence of estradiol (10 nM) and melatonin (1 nM) is considerably faster than that of the complex formed only in the presence of estradiol (10 nM). These results indicate that the presence of melatonin destabilized the binding of E 2 -ER to DNA.
Since the AF2 domains on the carboxyl terminus of nuclear receptors are the regions that mediate interaction with many different proteins regulating their activity (27, 28) , we have studied whether the possible melatonin receptor interacts with the HBD/ AF2 domain of ER. Pull-down experiments using the glutathion-agarose-GST-HBD/AF2 complex in the presence of nuclear extracts and with [(125) I ] or [ 3 H ]-labeled melatonin showed no binding of melatonin to the AF2 region. On the other hand, the addition of melatonin did not affect the interaction of AF2 with coactivator proteins (data not shown).
The lack of effect of melatonin in these pull-down experiments suggests that the melatonin receptor does not bind to the ER AF-2 domain and/or that the interaction of the melatonin receptor with ER needs the whole estrogen receptor.
Melatonin inhibits neither estradiol-independent binding of ER nor TMX-dependent binding of ER to DNA
Previous studies have shown that temperature and ionic environment affect the hormone dependence binding of ER to ERE. Thus, the absence of Mg 2ϩ in the binding buffer renders the process independent of estrogen, whereas 5 mM Mg 2ϩ and the presence of Nonidet P-40 make the binding estrogen-dependent (29) . To study how these conditions could affect the interaction between melatonin and ER; binding experiments were performed using nuclear extracts obtained from synchronized cells stimulated with 10% sFCS. These extracts were treated with melatonin or estradiol in the presence or absence of melatonin. The binding reaction was performed in the absence of Mg 2ϩ and Nonidet P-40 or in the presence of Mg 2ϩ and the detergent. The results indicate that the binding of ER to DNA was independent of estradiol when performed in the absence of a Nuclear extracts were obtained from synchronized MCF7 cells stimulated for 40 min with 10 nM estradiol. Binding assays were performed in the presence of 1 nM or 10 nM of hydroxy-and methoxy-indols, as indicated, and EMSA assay was carried out as indicated in Materials and Methods. Binding was quantified by electronic autoradiography. The results represent the mean Ϯ SD of the indicated number of experiments. The control value was taken as 100. *P Ͻ 0.05. Figure 7 . Effect of melatonin on the dissociation rate of the E 2 -ER-ERE complex. A) Nuclear extracts were assayed for ERE binding in the presence 10 nM estradiol or 10 nM estradiol plus of 1 nM melatonin, as described in Fig. 6 . After the E 2 -ER-ERE complex was formed, 200-fold excess of unlabeled ERE was added and incubation at 20°C was pursued. At the indicated times (min) 20 l samples were withdrawn and loaded in the electrophoresis gel. Different mobility of the retarded band is due to the different times during which samples have been analyzed by polyacrylamide gel electrophoresis. B) Quantification of the remaining binding of nuclear extracts treated with estradiol (E) or estradiol plus melatonin (F). The results represent the mean Ϯ sd of three independent experiments taken as 100%, the binding at time 0 min. Mg 2ϩ and Nonidet P-40, since untreated nuclear extracts as well as those treated with melatonin alone showed the same binding activity as estradiol-treated nuclear extracts (Fig. 8A, B) . Only when both estradiol and melatonin were present in the assay was the binding reduced. As expected, 5 mM Mg 2ϩ and Nonidet P-40 made the binding estrogen dependent and susceptible to inhibition by melatonin. These results indicate that melatonin is unable to interact with the ER in the absence of estradiol. In the presence of estradiol, however, melatonin was able to prevent ER binding to ERE regardless of the assay conditions or whether the nuclear extracts were derived from cells not stimulated with estradiol.
If the effect of melatonin requires estrogen and thus holoconformation of the receptor, it should be expected that melatonin would not destabilize the TMX-dependent binding of ER to the ERE. Figure 9 shows the effect of 1 nM melatonin on nuclear extracts treated with 10 nM estradiol or 10 M TMX. The results indicate that 10 nM estradiol increased by threefold the binding of ER to ERE, whereas 10 M of TMX increased the binding twofold. Melatonin inhibited by 40% the E 2 -ER-ERE complex formation and showed no significant effect on the TMX-ER-ERE complex. The latter complex presented a slightly different mobility on gel electrophoresis, as described previously (29) .
Melatonin inhibition of estradiol-dependent gene expression
Melatonin has been found to modulate the expression of several estrogen-regulated endogenous genes (9) . In this work, we have investigated the effect of melatonin on the expression of a gene selectively regulated by ERE with a minimal (TATA) promoter. For this purpose, we performed transient transfection assays of synchronized MCF7 cells using the plasmid ATC2 that contains the CAT reporter gene under the control of the ERE from the Xenopus vitellogenin A2 gene (16) . The transfected cells were stimulated with 10% sFCS with or without 10 nM estradiol in the presence or absence of 1 nM melatonin. The results presented in Fig. 10 clearly show that melatonin inhibited estradioldependent gene expression. The mean inhibition of CAT expression by melatonin in six different experiments was 50.9 Ϯ 11.9% (PϽ0.05). Similar inhibitory effect of melatonin was observed when estradiol-dependent gene expression was determined in synchronized MCF7 cells transfected with the plasmid pvERE-TK luc (Fig. 11) .
Effect of RZR␣ on the antiestrogenic effect of melatonin
According to the above results, which used nuclear extracts, the melatonin-induced destabilization of E 2 -ER-ERE complex is specific, saturable, and its interaction with the ER appears to be dependent on the holoconformation of the estrogen receptor, thus suggesting the presence in nuclear extracts of a receptor for melatonin mediating this antiestrogenic effect. It has been proposed that RZR␣, a member of RZR/ROR␣ family of nuclear receptors, could be a nuclear receptor for melatonin. We therefore examined the possibility that this protein mediates the above-described effects of melatonin.
If RZR␣ mediates the inhibitory effect of melatonin on estradiol-dependent gene expression, it should be expected that expression of RZR in MCF7 cells results in an increase in the inhibitory potency of melatonin. Estradiol-dependent gene expression was assayed on MCF7 cells transiently transfected with the plasmid pSG5-RZR␣ or pSG5 expression vector. The results presented in Fig. 11 show that in cells transfected with the control plasmid, melatonin decreased estradiol-dependent luciferase expression. However, in cells transfected with a RZR␣ expression vector, basal luciferase expression and the expression induced by estradiol were increased. Melatonin caused an additional increase in estrogen-dependent gene expression. This result clearly indicates that if there is a RZR␣-melatonin complex, it causes stimulation rather than inhibition of estrogen-dependent gene expression. Therefore, it can be concluded that the antiestrogenic effect of melatonin is not mediated by RZR␣.
DISCUSSION
The antiproliferative effect of melatonin on MCF7 cells has been a useful model with which to study the antiestrogenic effect of melatonin (8 -11, 15) . The aim of the present study was to characterize the effect of melatonin on the estrogen-responsive pathway at the molecular level. We first determined the growth conditions in which an early antiproliferative effect of melatonin could be demonstrated. Using MCF7 synchronized cells, it was observed that 1 nM estradiol was required to promote proliferation in cells treated with 6% sFCS as well as to increase the rate of proliferation on cells stimulated with 10% whole FCS. These results indicate that the estradiol present in FCS was not enough to promote high MCF7 cell proliferation. We also observed that melatonin (1 nM) interferes with this effect of estradiol on proliferation. Thus, estrogen-dependent DNA synthesis was virtually abolished by melatonin within the first cell cycle poststimulation, which represents an earlier effect than that observed by other groups using the same cell line (8) . These results suggest that our working procedure, though less sensitive than others (8) , is able to analyze a process highly dependent on estradiol such as that studied in the present work.
We have also shown that melatonin concentrations higher than 1 nM exhibit lower inhibitory effect on cell proliferation than that observed at physiological concentrations during the night (1 nM). Although similar observations have been made by others, no explanation has been provided to justify this biphasic behavior (8, 11) . Biological effects of melatonin are explained by several mechanisms, some mediated by high-affinity receptors (18, 30 -33) , in which melatonin is acting like a hormone, and low-affinity processes involving the free radical scavenger activity of melatonin. This is a nonenzymatic antioxidative defense against oxidative damage of biomolecules caused by melatonin. (3). The high-affinity receptor proposed in this paper would mediate the destabilization of the E 2 -ER binding to DNA and, hence, would impair the estrogen mitogenic activity. The low-affinity protective mechanism might explain that high concentrations of melatonin would compensate the inhibitory effect mediated by the high-affinity melatonin receptor(s). In this way, melatonin could prevent free radical cell damage due to estrogen metabolism, as recently postulated (34) .
The present study extends previous data indicating that nuclear extracts from estrogen-starved MCF7 cells stimulated with estradiol showed a higher ERE binding activity than those from cells not stimulated with estrogen (21) . We have found that this estradiol-dependent ER-activation was prevented by treatment of the cells with melatonin. Neither nuclear localization of ER nor binding of estradiol to ER are affected by melatonin. The lack of melatonin effect on binding of estradiol indicates that modulation of ER expression by melatonin (11) is not the cause of this inhibitory effect of melatonin, indicating that melatonin seems to inhibits the estrogen signaling pathway. As an additional consequence, it would be expected that estradiol-dependent transcription would be affected by melatonin. The results presented in this work clearly show that melatonin inhibits the estrogen-dependent expression of a reporter gene. This antiestrogenic effect of melatonin could be explained as a consequence of the destabilization of E2-ER complex binding to DNA by melatonin. Nevertheless, it cannot be excluded that the antiestrogenic effect of melatonin is due to its downregulatory effect on ER expression described previously (11) .
It is known that estrogens activate different kinases that cause ER phosphorylation at various serines (35, 36) , resulting in an increase on ER binding to DNA and subsequently the trans-activation activity of ER. It is conceivable that melatonin destabilizes the E 2 -ER-ERE complex by affecting the phosphorylation of ER. However, the inhibitory effect of melatonin is observed both in nuclear extracts derived from cells treated with estrogen (Figs. 6 and 7 ) and in extracts from untreated cells (Figs. 8, 9 ). These results suggest that estradiol-induced phosphorylation of ER is not required for melatonin to destabilize the E 2 -ER-ERE complex. Moreover, we and other authors (21) have demonstrated that estradiol added to nuclear extracts increases the binding of ER to ERE. This activation of ER by estradiol cannot be dependent on ER phosphorylation, since neither ATP nor the ATP regeneration system was present during that incubation, which strongly suggests that the effect of melatonin is not due to inhibition of ER phosphorylation.
Addition of estradiol to MCF7 nuclear extracts increases ER binding to ERE. Melatonin impairs this activation by destabilizing the E2-ER-ERE complex (Fig. 7) . This effect is saturable, specific, and dependent on estradiol, indicating that an estradiol-induced conformational change of ER appears to be necessary to interact with melatonin. It is important to point out that the TMX-ER-ERE complex is not destabilized by melatonin. All these results suggest the presence in the nuclear extracts of a high-affinity receptor for melatonin, which in the presence of melatonin is able to interact and destabilizes the complex E 2 -ER from binding to DNA.
Several proteins have been reported to be able to bind melatonin at the nanomolar range: 1) the membrane-bound, G I -coupled melatonin receptors (Mel1A and Mel1B), which cannot be directly implicated in the antiestrogenic effect of melatonin determined in nuclear extracts (30 -31), 2) the RZR (18) , and 3) calmodulin (32, 33) . MCF7 breast cancer cells express the RZR receptor, which has been proposed as a nuclear receptor for melatonin. However, RZR␣ does not appear to mediate the antiestrogenic effect of melatonin, since overexpression of RZR␣ results in stimulation rather than an inhibition of estradiol-dependent gene expression.
However, in conditions where we could demonstrate antiestrogenic effects of melatonin, we did not find an effect of melatonin either on RZR binding to the DNA or in the RZR-dependent gene expression. These results suggest that the antiestrogenic effects of melatonin are not mediated by RZR. Steroid receptors are known to bind to DNA as homodimers (13) . Recently, however, it has become clear that steroid receptors as well as thyroid and retinoid receptors might present cross-talk with transcription factors such as AP-1 or with other members of the nuclear receptor family (12, 38 -40) . Thus, vitamin D 3 and retinoic acid present antiestrogenic effects on MCF7 cells similar to those described for melatonin (i.e., inhibition of cell proliferation, potentiation of TMX effect, and inhibition of E 2 -dependent expression of intrinsic or reporter genes) (12, 38) . Negative transcriptional effects may be exerted by these receptors through different mechanisms: 1) competition between receptors acting on the same DNA sequence; thus, the thyroid hormone receptor competes with ER for binding to the palindromic ERE (39), and 2) destabilizing the binding of the hormone-receptor complex to DNA by two possible methods, either competition for nonspecific transcription factors (41) or formation of nonfunctional heterodimeric proteins (42) .
One potential candidate to mediate the described antiestrogenic effects of melatonin could be calmodulin. Several lines of evidence lend support to this proposal. ER has a calmodulin binding site and interaction of ER and calmodulin has been known for several years (43, 44) . In addition, inhibitors of calmodulin decrease the affinity of ER for its ligand as well as the stability of binding of E 2 -ER to DNA (44) . Moreover, a number of antagonists of calmodulin exhibit antiestrogenic activity (45) . On the other hand, it has been shown that melatonin binds to calmodulin in a Ca 2ϩ -dependent fashion, resulting in inhibition of calmodulin (32) (33) . This mechanism has recently been proposed as a mediator of the inhibitory effects of melatonin on nitric oxide synthase activity in rat cerebellum and hypothalamus (46) . The effect of antagonists of calmodulin does not appear to be restricted to the estrogen receptor, since other steroid receptors are also regulated by this calcium binding protein (47) . This fact could contribute to explain the pleiotropic effects of melatonin on other steroid hormone receptors, including glucocorticoid (48) and testosterone receptors (49) . Additional studies are needed to provide experimental evidence to the proposal that calmodulin is involved in the antiestrogenic effect of melatonin in mammalian cells.
